
C. R. Mecanique 341 (2013) 499–507
Contents lists available at SciVerse ScienceDirect

Comptes Rendus Mecanique

www.sciencedirect.com

Evolution of local friction along a model pile shaft in a calibration
chamber for a large number of loading cycles

Hadj Bekki a, Jean Canou b,∗, Brahim Tali b, Jean-Claude Dupla b, Ali Bouafia a

a Université Saâd-Dahleb de Blida, département de génie civil, BP 270, Blida, Algeria
b Université Paris-Est, Ecole des Ponts ParisTech, laboratoire Navier - Géotechnique, 6 et 8, avenue Blaise Pascal, Champs-sur-Marne, 77455 Marne-la-Vallée, France

a r t i c l e i n f o a b s t r a c t

Article history:
Received 22 February 2012
Accepted 22 November 2012
Available online 7 March 2013

Keywords:
Granular media
Pile
Friction
Calibration chamber
Sand
Cyclic loading
Cyclic softening
Cyclic hardening

Mots-clés :
Milieux granulaires
Pieu
Frottement
Chambre d’étalonnage
Sable
Chargement cyclique
Ramollissement cyclique
Durcissement cyclique

This Note presents the results of axial loading tests carried out on an instrumented “pile-
probe” jacked into sand, in a calibration chamber, aimed at studying the evolution of local
friction, up to very large numbers of cycles (105 cycles). After an initial phase of friction
degradation (cyclic softening), a subsequent phase of mobilized friction reinforcement
(cyclic hardening) is observed, which continues to develop up to very large numbers of
cycles. The complete mechanism of shear degradation followed by the reinforcement phase
is interpreted based on the competition between two mechanisms which are the mean
normal effective stress decrease due to cyclic contractancy phenomenon, responsible for
cyclic softening, and the progressive densification of the sand within the interface zone
around the probe, which becomes predominant after a certain number of cycles, resulting
in a cyclic hardening mechanism due to partially constrained dilatancy phenomenon.

© 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

r é s u m é

On présente dans cette Note les résultats d’essais de chargement axial d’une sonde-pieu
instrumentée dans des massifs de sable reconstitués en chambre d’étalonnage, destinés
à étudier l’évolution du frottement latéral local dans des chargements cycliques, menés
à grands nombres de cycles (105 cycles). Après une phase initiale de dégradation du
frottement latéral (radoucissement cyclique), on met en évidence une phase de ré-
augmentation du frottement (durcissement cyclique), qui se poursuit jusqu’aux grands
nombres de cycles. Le mécanisme global de dégradation suivi du renforcement est
interprété en mettant en avant la compétition entre deux mécanismes concurrents, qui
sont la diminution de contrainte normale effective moyenne due au phénomène de
contractance cyclique (responsable de la dégradation) et le phénomène de dilatance
empêchée, qui s’accroît avec la densification progressive du sable dans la zone d’interface
autour de la sonde.

© 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The understanding of the behaviour of deep foundations under cyclic loading constitutes an important issue in the do-
main of geotechnical engineering, related to the design of the foundations of various civil engineering structures, submitted
to environmental and/or industrial types of “cyclic” loading. For axial loads, in particular, the load applied at the pile head
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is taken by both friction, mobilized along the pile shaft, and tip resistance mobilized at the pile tip. In the domain of cyclic
axial loadings, which are usually superimposed to the static loads resulting mainly from the structure weight, the question
arises of the evolution of the shaft friction properties due to the application of the loading cycles.

Since the beginning of the 1980s, quite a few research studies have been carried out in this field, mainly in relation
with the offshore oil production industry and the design of foundations for offshore oil production platforms [1–7]. As far
as experimental research is concerned, three main types of experimental approaches have been developed: interface tests
in modified shear boxes (linear, annular) allowing one to track “elementary” behaviour of the interface [8–10]; physical
modelling approaches in which instrumented probes, representing piles or pile elements at reduced scale, are installed and
loaded in reconstituted large size samples of soil representative of the soil around the pile, in 1 g models like calibration
chambers experiments and macrogravity models in centrifuges [11–14]; full size or semi full size experiments performed
on specific experimental sites or during civil engineering construction works [3,15,16].

These studies have generally been concerned with a small to medium number of cycles, namely a few tens to a few thou-
sands, representing, for example, storm loadings. Most studies have reached conclusions confirming a degradation process
for local friction due to cyclic loading.

Based on a series of two-way displacement-controlled interface tests on dry crashed silica sand using a modified direct
shear box, carried out for both constant normal stress and constant normal stiffness conditions (50 to 55 cycles, frequency
f = 0.005 Hz), Fakharian and Evgin [9] have noted a significant reduction of maximum shear stress mobilized with cycles,
in particular during the first cycles.

Lee and Poulos [17] have conducted cyclic displacement-controlled and force-controlled tests (100 to 500 cycles) on
model piles (24 mm diameter) installed into medium dense calcareous sediments, in order to study the degradation of skin
friction for grouted piles. Their results showed that the degradation of skin friction depends on the amplitude of cyclic
displacement and number of cycles.

Chin and Poulos [7] have conducted cyclic displacement-controlled tests (100 to 150 cycles) on model piles (5 cm and
10 cm in diameter) installed in a calcareous sand reconstituted in a calibration chamber (1 m diameter). These authors
found that the degradation of skin friction is governed by a “cyclic slip displacement” parameter and they also noted the
presence of a limit degradation factor corresponding to a maximum degradation of the pile–soil interface.

Le Kouby et al. [12] have studied the degradation of local skin friction in a calibration chamber for two-way cyclic
displacement-controlled loading tests (50 cycles) carried out on an instrumented 20 mm diameter probe. The results showed
a very significant degradation of skin friction due to cycling loading.

Foray et al. [14] measured both normal and shear stresses acting locally on the shaft of an instrumented model pile
during cyclic loading in a calibration chamber. The authors performed 100 to 1000 one-way load-controlled cycles in traction
and about 100 two-way load-controlled cycles. Plotting the corresponding “stress path” in the stress plane, they observed
a succession of contraction and dilation phases with a progressive reduction of the normal stress explaining the degradation
of skin friction.

As far as a large to a very large number of cycles is concerned (104 to 106 cycles), which may be found in industrial types
of loading (traffic, rotating/vibrating machines, wind turbines, etc.) characterized by fatigue behaviour of the soil–structure
interface, very few results, if no results at all, have been published.

Within this general framework, a national research programme, called SOLCYP, involving different research laboratories
and industrial organisms, has been undertaken in France in 2008 with the aim of better understanding the behaviour of
piles submitted to large numbers of cycles, in order to improve their design. Within this programme, a specific research
action has been undertaken in our laboratory with the aim of studying the evolution of local pile shaft friction for very
large numbers of cycles (up to 105 cycles), using a physical modelling approach based on the use of a calibration chamber
experimental set-up.

The objective of this Note is to present the results of typical tests carried out within this research programme, represen-
tative of most tests carried out and to focus on the predominant feature observed for large numbers of cycles, i.e. a cyclic
hardening phenomenon of local friction.

After presentation of the experimental set-up and testing procedure, the results of a representative test are presented,
allowing to observe, after an initial expectable degradation phase of local friction (cyclic strain-softening), a reinforcement
phase (cyclic strain-hardening) which keeps developing until the end of the cyclic sequence reached at a very high number
of cycles.

2. Experimental set-up and testing procedure

2.1. Experimental set-up

The calibration chamber set-up is an experimental facility which allows to reconstitute and put under stress large size
samples of soil (sand in this case) under well-controlled conditions (state of stress, sand density, homogeneity), simulating
a “slice” of soil located at a given depth. It is then possible to simulate, within the reconstituted soil sample, a given process
or phenomenon, thus developing a physical modelling approach of a given geotechnical problem. A functional scheme of
the experimental set-up is presented in Fig. 1. The sample of sand has a diameter of 52 cm and a height of 70 cm. It is
reconstituted using pluviation technique, which allows one to obtain a very good homogeneity of the sand within the
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Fig. 1. Functional scheme of the experimental set-up.

Fig. 2. Schematic cross-section of the pile-probe (Ø 36 mm, [19]).

massif, at a given state of density (characterized by the density index I D ), depending on the mass flow rate and pluviation
height used during the pluviation process [18]. After pluviation, the sand is put under stress by applying two independent
water pressures, one, applied inside the lateral confinement wall, allowing to horizontally confine the sand contained in
a rubber membrane, the other one, applied in the base piston of the chamber, allowing to vertically pressurize the sand.
This procedure allows one to follow different stress paths to reach an initial state of effective stress (isotropic or anisotropic),
characterized by σ ′

v0 (vertical stress) and σ ′
h0 (horizontal stress).

In order to simulate the installation and the loading of a pile element, a specific prototype instrumented “pile-probe”
has been developed [19]. Fig. 2 presents a functional scheme of the probe, which allows to measure independently tip
resistance qp mobilized at the conical tip of the probe and local friction f s mobilized on a friction sleeve located far enough
from the probe tip. The probe has a cross-section of 10 cm2 (diameter 3.6 cm). The friction sleeve is 11 cm long (section of
124.4 cm2), which allows one to use the hypothesis of stress uniformity along the sleeve to convert shear forces to shear
stresses. The sleeve is made up of a special hard steel, which has been specifically machine-shopped to provide a controlled
roughness corresponding to a “perfectly rough” interface, with respect to the mean size of the sand used (depth of groove,
crest to crest, equal to 35 μm).

2.2. Testing procedure

After reconstitution and pressurization of the sample of sand, the “pile-probe” is first pushed into the sand at constant
displacement rate (1 mm/s) with a long stroke classical hydraulic jack, which simulates a full-displacement installation
process for a pile. After installation, the configuration is such that the friction sleeve is approximately centred within the
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Table 1
Main characteristics of Fontainebleau sand NE34.

emin emax D50 (mm) ρS (t/m3)

0.510 0.882 0.205 2.65

sample, far away from the top and bottom end plates, thus minimizing boundaries influence. The probe can subsequently
be loaded with a servo-controlled hydraulic jack, through a digital control unit which allows to run displacement-controlled
or force-controlled monotonic and cyclic tests according to a predefined loading program. A very high number of cycles may
be reached (up to several 105 cycles), in the range of fatigue behaviour. Frequencies up to 50 to 60 Hz may also be reached,
depending on the problem to be studied and the displacement amplitudes required.

Usually, a monotonic displacement-controlled (300 μm/min) push-in loading is first applied, after installation, in order
to obtain failure characteristics in terms of tip resistance and ultimate shaft friction. The cyclic displacement-controlled
sequence is then performed, followed by a final monotonic loading which allows one to obtain final failure characteristics
that may be compared to initial characteristics.

3. Presentation of a typical test

The aim of the research undertaken within the SOLCYP project was to investigate, based on the experimental facility
described above, the evolution of local friction along a pile shaft model submitted to large numbers of cycles (105 cycles).
In particular, a complete experimental programme, corresponding to the reconstitution of more than 30 samples, has been
carried out over a three years period of time, in order to study the influence of such parameters as initial state of sand
(density index and state of consolidation stress), amplitude and frequency of cyclic loading, diameter of probe and instal-
lation process, on the results obtained. This work has been the object of the Ph.D. thesis of Tali [20] and Bekki, the latter
being under development.

The objective of this Note is not to present a comprehensive analysis of the whole experimental programme carried
out, which would be beyond its scope, but to focus on a specific predominant phenomenon observed, which has been
consistently retrieved all along the study, with slight modulations in function of testing parameters values. This phenomenon
is the cyclic hardening of the interface behaviour, which develops for large numbers of cycles, after an initial phase of cyclic
softening.

It is important to mention here that consistent results were obtained over the whole testing period, accounting for no
significant evolution of testing parameters such, for example, as sleeve roughness. Also, the room temperature was fairly well
controlled during the tests, with fluctuations less than 2 ◦C on a daily period (night and day), which would not influence
significantly test results.

3.1. Description of the test

The test selected and presented below (Test 1) has been carried out in a sample of dry Fontainebleau sand (reference
NE34), prepared in a dense initial state (I D = 0.90). The main characteristics of this sand are presented in Table 1. The state
of stress applied to the massif corresponds to a vertical stress σ ′

v0 equal to 125 kPa and a horizontal stress σ ′
h0 equal to

50 kPa. After installation of the probe and initial monotonic loading to failure, the probe has been subjected to a cyclic
displacement-controlled loading test up to 100 000 cycles, applied at a frequency of 1 Hz, for a displacement amplitude ρc

equal to ±500 μm (alternated signal). Fig. 3(a) presents the sinusoidal displacement ρ applied as a function of number
of cycles N (logarithmic scale for N). This type of displacement-controlled test (analogous to cyclic strain-controlled tests
in a triaxial test for example) allows to study the evolution of friction mobilization with number of cycles (cyclic strain-
softening or strain-hardening). Fig. 3(b) presents the response observed in terms of the friction mobilized versus number of
cycles. This type of representation allows one to immediately visualize the maxima and minima of friction reached for each
cycle and define an envelope curve showing degradation zones and reinforcement zones. It may be seen from this figure
that, after an initial phase of friction degradation, up to about 300 cycles, a phase of progressive hardening of the interface
behaviour is observed, which regularly continues up to the end of the cyclic sequence, reached after 105 cycles.

The strain-softening (or degradation) part of the curve is in good agreement with observations previously made by
different authors (see above). However, the strain-hardening (or reinforcement) part, which occurs subsequently, has not, to
our knowledge, been described before. This result shows that friction degradation would not keep going continuously for
large numbers of cycles but, after reaching a minimum of mobilized friction [7], a reinforcement phase would be observed
and would keep developing up to very large numbers of cycles.

Fig. 4 presents a few selected cycles plotted in the ( f s,ρ) plane. Fig. 4(a) allows one to observe the cyclic degradation or
cyclic strain-softening of the interface behaviour, which starts practically at cycle n° 1 and keeps going up to cycle n° 300.
It is interesting to note the strong non-linearity of the cycles’ shape, which accounts for a cyclic displacement amplitude
which is fairly large with respect to the probe diameter, and a strongly non-reversible behaviour of the interface. The non-
linearity of the cycles increases regularly with the number of cycles, with a regular decrease of maxima reached upon
“push-in” phases, f s,max, and absolute values of minima, f s,min, reached upon “pull-out” phases.
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Fig. 3. Results of typical test (Test 1): (a) displacement-controlled loading signal; (b) response obtained in terms of local friction versus number of cycles.

Fig. 4(b) shows, on the contrary, a clear phenomenon of cyclic strain-hardening (or cyclic reinforcement) which develops
regularly after the initial degradation phase, from cycle n° 300 to cycle n° 100 000 (end of the test), for which significantly
higher values of f s,max and f s,min (±60 kPa) are obtained, with respect to the first cycle (30 and −24 kPa) and, a fortiori,
with respect to cycle n° 300. It is also interesting to note that the cycles become almost symmetrical with respect to the
axes for large numbers of cycles, and highly non-linear.

3.2. Coefficient of friction evolution

In order to represent in a synthetic way the evolution of lateral friction mobilized during cyclic loading, a coefficient of
friction evolution has been defined as follows:

Ce, f s = f s,max(i) − f s,min(i)

f s,max(1) − f s,min(1)

where: f s,max(1) and f s,max(i) are the maximum values of skin friction measured on the first cycle and on cycle i, respectively
(push-in phases); f s,min(1) and f s,min(i) are the minimum values of skin friction measured on the first cycle and on cycle i
respectively (pull-out phases).

This coefficient takes into account the maximum value of friction reached upon “push-in” phases and the minimum value
reached upon “pull-out” phases, which allows to define a parameter representative of the average evolution (degradation or
reinforcement) of the complete cycle, with respect to the first cycle applied. Fig. 5 shows such a representation of the test
described above in terms of Ce, f s versus number of cycles. This type of representation allows one to rapidly identify degra-
dation and reinforcement phases versus number of cycles. For the specific test presented, maximum degradation occurred
at cycle n° 300 with a value of Ce, f s equal to 0.42 and maximum reinforcement was observed for the last cycle, n° 100 000.
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Fig. 4. Representation of selected friction cycles for Test 1: (a) cyclic softening phase (cycles 1 to 300); (b) cyclic hardening phase (cycles 300 to 100 000).

Table 2
Main tests characteristics.

Test identification Density index I D σ ′
v0 (kPa) σ ′

h0 (kPa) Frequency f (Hz) ρc (μm) Number of cycles Observations

Test 1 0.90 125 50 1 ±500 100 000
Test 2 0.90 125 50 1 ±500 100 000 Repeatability test

It is interesting to note the high value of Ce, f s at the end of the cyclic sequence, equal to about 2.2, which accounts for
a significant strain-hardening due to the cycles in this test.

3.3. Test of repeatability

In order to confirm the results presented above, a repeatability test (Test 2, Table 2) has been carried out for same testing
conditions and parameters as Test 1. Fig. 5 also shows a comparison of the results obtained for both tests in terms of Ce, f s

versus number of cycles, which confirms a good repeatability of the test and the “meaningful” nature of the results obtained
in terms of local friction evolution versus number of cycles.

3.4. Confirmation of observations made for different testing conditions

As already mentioned in previous sections of the paper, a similar cyclic hardening phenomenon has been observed
in most tests carried out within this research programme, corresponding to various testing conditions (parametric study
performed).
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Fig. 5. Coefficient of friction evolution Ce, f s versus number of cycles, for Test 1 and Test 2 (evaluation of repeatability).

Table 3
Maximum values of Cmax

e, f s
obtained for various testing conditions.

Test identification Density index I D σ ′
v0 (kPa) σ ′

h0 (kPa) Frequency f (Hz) ρc (μm) Number of cycles Cmax
e, f s

Test 1 0.90 125 50 1 ±500 105 2.14
Test 2 0.90 125 50 1 ±500 105 2.48
Test 3 0.65 125 50 1 ±250 105 1.61
Test 4 0.65 125 50 1 ±500 105 3.34
Test 5 0.65 250 100 1 ±500 105 1.53
Test 6 0.65 250 100 1 ±250 105 2.70
Test 7 0.40 125 50 1 ±250 105 1.18
Test 8 0.40 125 50 1 ±500 105 4.75
Test 9 0.40 250 100 1 ±250 105 1.59
Test 10 0.40 250 100 1 ±500 105 2.98

In order to illustrate this, Table 3 presents the results obtained for ten representative tests selected within the experi-
mental programme, in terms of the maximum value, Cmax

e, f s
, for a given test, of the coefficient of friction evolution defined in

Section 3.2. Values of this parameter higher than 1 account for a cyclic hardening phenomenon occurring during the cyclic
sequence. Table 3 clearly shows that, for various initial and loading conditions, i.e. initial state of sample in terms of density
index (very dense, medium dense and loose states) and initial state of stress of sample (two different stress states tested),
and different amplitudes of cyclic loading (±250 μm and ±500 μm), values of Cmax

e, f s
significantly higher than 1 are obtained,

which confirms the observations done for the two typical tests presented and analyzed before (Test 1 and Test 2 in the
table) and the consistency of the phenomenon described and interpreted in this paper.

4. Interpretation of results

The initial degradation phenomenon observed during the first hundreds of cycles is relatively “classical” and it has al-
ready been observed by different authors [7,9,12,14,17]. However, the phenomenon of cyclic hardening which subsequently
occurs and keeps developing up to large numbers of cycles, has not, to our knowledge, been the object of previous ob-
servations. It is important to note that in most cases, published results concern small to medium numbers of cycles (few
tens to few thousands) and we did not find any results concerning large to very large numbers of cycles, range in which
the hardening phenomenon is observed. The interpretation of the observed behaviors can be done using a relatively simple
mechanical model, based on the concept of constant rigidity of the soil surrounding an interface zone around the probe,
as shown in Fig. 6, with a spring of stiffness k0 representing the rigidity of the surrounding soil. This model has already
been described and used by different authors for interpreting behaviour observed under monotonic loading [13,21] and
friction degradation observed under cyclic loading [22]. It appears this model could still be valid to explain the behaviour
described above, and, in particular, the strain-hardening phase, as explained below.

It must be noted here that the interpretation proposed is based on a hypothesis of no significant evolution of the sand
within the interface during cyclic loading. Based on the use of two installation modes for the probe (no displacement
and full displacement modes) and on the analysis of grain size distribution after cyclic testing, it was shown [20] that
the cyclic sequence does not modify significantly the sand (no significant grain crushing), which appears reasonable since
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Fig. 6. Conceptual model for interpretation of friction evolution during cyclic loading.

the displacement amplitudes involved are very small. Grain crushing is predominantly produced by the full displacement
installation process.

The mobilization of local friction along the interface during the cyclic sequence is mainly the result of the combination of
the evolution of two quantities: the progressive decrease, due to cyclic contractancy, of the normal component of the average
effective stress, σ ′

n , as materialized by the elongation of the spring and the progressive densification of the sand within the
interface zone, also resulting from cyclic contractancy. There is, in fact, competition between these two mechanisms, the
decrease in σ ′

n promoting the degradation of friction or “cyclic softening”, the densification of the soil, on the other side,
promoting dilating behavior and “cyclic hardening”, resulting from partially prevented dilatancy.

The initial thickness of the interface zone is equal to t0 (Fig. 6). In the initial softening phase, the decrease in σ ′
n ,

corresponding to a decrease of interface thickness (t < t0) is predominant, which results in the cyclic softening observed. The
shape of the cycles shows however that, during loading phases upon pushing in and pulling out, the controlling mechanism
is partially prevented dilation of the sand (concavity of the curves oriented upward). A point is reached, corresponding to
the maximum degradation (t = t1, Fig. 6), corresponding to a state where the sand is already well densified, and where the
decrease of σ ′

n slows down (sand densification on each cycle is becoming less and less important). From this point, the sand
in the interface zone continues to densify at low rate (corresponding to a low decrease of t) and its dilatant character thus
keeps increasing, even slightly, from one cycle to another. As the mechanism involved here is partially prevented dilatancy
[23,24], this phenomenon becomes predominant with respect to the reduction of σ ′

n and causes progressive hardening of
the interface with re-increase of the maximum values of mobilized friction until the end of the sequence, for very large
numbers of cycles.

5. Conclusion

Based on displacement-controlled cyclic loading tests carried out on a pile-probe jacked into large size samples of sand
(simulating the installation of full-displacement piles) reconstituted in a calibration chamber, we were able to observe,
after an initial phase of degradation of local interface friction (cyclic softening), and for large numbers of cycles applied,
a phenomenon, not yet described, of friction reinforcement corresponding to a cyclic hardening of the interface. This feature,
observed on the typical tests presented, is representative of the predominant behaviors observed on a whole set of data
corresponding to a complete experimental program, carried out within the SOLCYP research project. The maximum local
friction mobilized passes through a minimum and then increases again, continuously, up to very large numbers of cycles
(105 cycles). This result, as applied to piles, would have important consequences concerning the behaviour of piles submitted
to large numbers of cycles. In particular, there would not be a continuous degradation of friction during the cyclic loading,
as usually admitted, but, instead, a subsequent reinforcement phase following the degradation, which is rather on the
security side. This result has been interpreted in terms of partially prevented dilatancy, based on a conceptual model taking
into account an interface zone constrained by a constant rigidity-controlled normal effective stress and the competition
existing between two phenomena which are the reduction in normal stress due to cyclic contractancy of the sand and
the progressive densification of the latter, which increases its dilatant behaviour. In the initial phase of degradation (cyclic
softening), the influence of normal stress reduction would be predominant and in the phase of cyclic hardening, the partially
prevented dilatant behavior would be predominant. Even if, quantitatively, observations that would be done on a real size
pile could be different from those made on the pile-probe (different rigidity for the real size pile and the pile-probe), the
same qualitative trends should however be observed, which could be the object of further experimental research.
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